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1 These authors contributed equally to this paper.The type VI secretion systems (T6SS) have emerging roles in interspecies competition. In order to
have an advantage in defense against other organisms, this system in Pseudomonas aeruginosa
delivers a peptidoglycan amidase (Tse1) to the periplasmic space of a competitor. An immune
protein (Tsi1) is also produced by the bacterium to protect itself from damage caused by Tse1.
Tsi1 directly interacts with Tse1. We report that the crystal structure of Tse1 displays a common
CHAP protein fold. Strikingly, our structures showed that the third residue in the catalytic triad
may be novel as this residue type has not been observed previously.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Pseudomonas aeruginosa is a conditional human pathogen that is
ubiquitous in nature [1]. In the recent years, important roles of
P. aeruginosa in research have emerged, such as a model organism
in research efforts on quorum sensing and bioﬁlm formation [2].
The type VI secretion system (T6SS) widely found in Gram-negative
bacteria is involved in various physiological processes, including
regulation of cell growth, cytoskeleton remodeling and cell apopto-
sis [3–5]. The secretion machine in P. aeruginosa is employed to
deliver three toxins (Tse1, Tse2 and Tse3) to the recipient cell
[6,7]. The toxic effector is located in an operon that encodes two
proteins: toxin and its cognate antitoxin (Tsi1, Tsi2 and Tsi3), there-
by deﬁning toxin–antitoxin (TA) modules. According to the proper-
ties of an antitoxin, the TA module can be grouped into the
following classes: type I, type II and type III [8]. Antitoxin proteins
in the type II TA systems neutralize the toxin and inhibit its activi-
ties. Instead of translating into proteins, the other two are proposed
to encode RNA antitoxin blocking the function of toxin. Type II TA
antitoxin module is considered to be unstable; however, there is
new evidence to indicate that a stable antitoxin is also available
[9,15].
Tse–Tsi belongs to the second kind of TA systems and was ﬁrst
identiﬁed in P. aeruginosa in 2010 [6]. Recently, the crystal struc-
ture of Tsi2 was solved, and the structure is in agreement with
the stable antitoxin kind [16,17]. However, Tsi1 and Tsi3 are likely
to be unstable on the basis of our experiments. Among these effec-chemical Societies. Published by E
gyh@ihep.ac.cn (Y.-H. Dong).tors, Tse1 and Tse3 are injected into the periplasmic space of a
recipient cell and subsequently hydrolyze the peptidoglycan (PG),
whereas the T6SS apparatus translocates Tse2 into the cytoplasm.
In addition to Tse2, the precise mechanism of inhibition of cell
growth remains unresolved [6].
In order to further understand the molecular mechanisms of
Tse1, the crystal structures of Tse1 in complex with different
ligands were determined. Tse1, a member of the NlpC/P60 or CHAP
(cysteine, histidine-dependent amidohydrolases/peptidase) family,
is responsible for the cleavage of the D-Glu-DAP bond during PG
degradation. CHAP family members, widely distributed in all king-
doms of organisms, are characterized as PG peptidases and share
limited sequence similarities [18–20]. CHAP proteins bear a typical
papain-like fold harboring a conserved catalytic triad, which is
composed of cysteine, histidine and a variable residue. The dyad
(C–H) is strictly conserved and the third residue in the triad is a
polar amino acid, i.e., histidine, asparagine, aspartic acid, glutamine
and glutamic acid. Our results demonstrate that the third active
residue is Ser112 or Cys110 rather than the predicted Gln103.2. Materials and methods
2.1. Cloning, expression and puriﬁcation
The gene encoding Tse1 was ampliﬁed from P. aeruginosa PAO1
genomic DNA using the following primers: 50-CGGGATCCATGGA-
CAGTCTCGATCAATG-30 and 50-CCGCTCGAGTCAACTGGCCCTGGGC-
30. The PCR product was subcloned into the BamH I/Xho I site of
the pET28at-plus expression vector [10]. The constructed plasmid
was then transformed into Escherichia coli strain BL21 (DE3) for
protein expression. A single colony was cultured in 25 ml LB med-lsevier B.V. All rights reserved.
Table 1
Data collection and structure reﬁnement statistics. Values in parenthesis means those
for the highest resolution shell.
Data collection SeMet (Form 1) C30A mutant (Form 2)
Wavelength (Å) 0.9791 0.9791
Space group P212121 P212121
Unit-cell parameters a = 38.27, b = 61.72,
c = 74.09 Å
a = 38.43, b = 61.31,
c = 73.55 Å
Resolution (Å) 1.60 (1.63–1.60) 1.24(1.26–1.24)
Number of unique
reﬂections
23887(1164) 48208(2300)
Completeness (%) 99.9 (100) 94.7(92.7)
Redundancy 13.8(14.3) 3.4(3.5)
Mean I/r (I) 67.5(11.4) 27.9(2.47)
Molecules in
asymmetric unit
1 1
Rmerge (%) 8.5 (37.3) 8.6(52.2)
Structure reﬁnement
Resolution range (Å) 32.52–1.60 29.89–1.24
Rwork/Rfree (%) 15.7/17.2 18.3/19.2
Number of atoms
Residues 152 152
Protein 1137 1168
waters 196 235
Average B factor (Å2)
Main chain 13.68 12.02
Side chain 16.31 13.90
Waters 32.89 27.55
Ramachandran plot (%)
Most favored 98.0 98.1
Allowed 2.0 1.9
R.m.s. deviations
Bond lengths (Å) 0.006 0.007
Bond angles () 0.957 1.108
Rmerge =
P
|Ii <Ii > |/
P
|Ii|, where Ii is the scaled intensity of the ith measurement,
and < Ii > is the mean intensity for that reﬂection.
Rwork =
P
||Fobs||Fcalc||/
P
|Fobs| where Fcalc and Fobs are the calculated and observed
structure factor amplitudes, respectively.
Rfree = as for Rwork, but for 5.0% of the total reﬂections chosen at random and omitted
from reﬁnement.
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ium supplemented with 35 lg /mL kanamycin. The target protein
expression was induced with 0.5 mM (ﬁnal concentration) IPTGFig. 1. Overall structure of Tse1 from Pseudomonas aeruginosa. (a) A ribbon diagram of
mentioned in the text are labeled and shown in cyan. Two hydrogen bonds are formedat 20 C when the OD600 reached 0.6. After additional 20 h, the
culture was collected and disrupted by sonication in buffer A
(25 mM Tris–HCl, pH 8.0 and 500 mM NaCl). After centrifugation
and ﬁltration, the supernatant was loaded onto a Ni–NTA agarose
column (GE Healthcare) previously equilibrated in buffer A. The
column was washed with 25 mL buffer A containing 50 mM imid-
azole and the His-tagged protein was eluted with 10 mL elution
buffer (25 mM Tris–HCl, pH 8.0 and 50 mM NaCl). Subsequently,
the protein was puriﬁed by ion-exchange chromatography (HiTrap
SP, GE Healthcare) and eluted with a linear sodium chloride gradi-
ent (50–500 mM). Further puriﬁcation of Tse1 was performed by
Superdex-200 (GE Healthcare) pre- equilibrated with 25 mM
Tris–HCl, pH 8.0 and150 mM NaCl. Puriﬁed recombination protein
was concentrated to 10 mg/mL for crystallization trials. The mu-
tant C30A was generated by a two-step PCR approach. SeMet-la-
beled protein was prepared as described previously [10].
2.2. Crystallization and data collection
Crystallization trials were carried out using several commercial
kits (Crystal Screen I, Crystal Screen II and Index) at 20 C by the
sitting-drop vapor-diffusion method. SeMet Tse1 crystals grew
from 0.1 M succinic acid, pH 7.0 and 15% (w/v) PEG 3350. To obtain
the crystal structure of Tse1 with the substrate, the Tse1 C30A pro-
tein was mixed with L-Ala-D-Glu-DAP (molar ratio 1:6) for 1 h on
ice. Crystals were grown from 0.2 M sodium malonate, pH 7.0
and 20% (w/v) PEG 3350.
2.3. Data collection, structure determination and reﬁnement
Both SeMet and C30A mutant Tse1 data were collected on the
beamline BL17U1 at the SSRF (Shanghai Synchrotron Radiation
Facility, Shanghai, China) using the ADSC 315 detector. Before data
collection, the crystals were soaked in a reservoir solution supple-
mented with 20% (v/v) glycerol for a few seconds, and then ﬂash-
frozen in liquid nitrogen.
All the data were processed by HKL2000 [11]. The SeMet crystal
structure was determined by single wavelength anomalous disper-
sion using the program Phenix. AutoSol [12]. Nearly all residuesthe Tse1 structure. The protruding loop (loop6) is shown in blue. (b) The residues
between Y101 and Y105.
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modiﬁed manually in Coot. The C30A mutant structure was deter-
mined by molecular replacement using the program Phaser [13]
with the SeMet protein as the searching model. Phenix.reﬁne [12]
and Molprobity [14] were used for model reﬁnement and
validation, respectively. The ﬁnal reﬁnement statistics are shown
in Table 1.3. Results and discussion
3.1. Overall structure of Tse1
The crystal structures of Tse1 with succinic acid (Form 1) and
sodium malonate (Form 2) have been determined at 1.6 and 1.2 Å
resolution, respectively. The asymmetric units of both crystals con-
tain one molecule in space group P212121. Moreover, Tse1 behaves
as a monomer in solution as determined by size exclusion chroma-
tography. We attempted to co-crystallize the Tse1 C30A protein
with its substrate (L-Ala-D-Glu-DAP); however, in the form 2 struc-
ture, the electron density around the pocket indicates the ligands
are from the reservoir solution and cryoprotectant rather than the
substrate. These two structures are similar to each other, and the
root-mean-square deviation between them is 0.140 Å (152 Ca
atoms). Unless otherwise stated, the Form 1 structure was selected
to study. The structure of Tse1 exhibits a classical NlpC/P60 domain
fold and belongs to the a + b class. The NlpC/P60 proteins are cell-
wall endopeptidases that are ubiquitous across species. In general,
an N-terminala-helix and the segregated three b-strands deﬁne the
NlpC/P60 core, which harbors the conserved dyad (C–H) and the
third orienting residue [18]. Insertion and extension are usually
found in the NlpC/P60 family. Tse1 comprises a three-stranded
central b-sheet and ﬁve a-helices with a a1a2a3a4b1b2
a5b3 arrangement (Fig. 1A).The C- and N-terminus are attached
by the Cys7-Cys148 disulﬁde bridge that contributes to the stabil-
ization of the N-terminal loop (loop 8). The Tse1 protein is secreted
into the periplasmic space, which is an oxidizing environment [21],
suggesting that the disulﬁde bond may correlate with its native
conformation or enzymatic activity.
The analysis of the electrostatic surface shows that Tse1 is
strongly electropositive (Fig. 2A), and a large basic patch forms a
groove with a surface area of 217 Å2 [22,23]. This concave surface
corresponds to the catalytic core and is mainly created by a2, a3
and b2. Two putative catalytic residues (Cys30 and His91) are
located in this groove (Fig. 1B). However, one side of the protein
is lined with solvent exposed negatively charged residues (Fig. 2A).
A multiple sequence alignment of Tse1 with several amidase
family members was set up using ClustalW [24] (Fig. 2B). When
mapping the results onto the Tse1 structure, these invariant resi-
dues are spread throughout the entire protein (Fig. 2C). The most
conserved residues are located in a region (a2, b2 and loop 1)
equivalent to the catalytic pocket, especially Tyr20, Cys30, Ser31,
Gly32 and His91. Further, the putative third residue (Gln103) in
the catalytic triad exhibits high conservation.
3.2. Structural comparison of Tse1 and homologues
The web-based Dali server was used to identify structurally
similar proteins in the PDB database [25]. As a result, there are
several proteins that show a Tse1-like fold with Z-scores ranging
between 8.5 and 10.1, including Bacillus cereus BcYkfC (c-D-glut-
amyl-L-diamino acid endopeptidase; PDB code: 3H41), E. coli EcSpr
(outer membrane lipoprotein; PDB code: 2K1G), Anabaena variabi-
lis AvPCP (NlpC/P60 protein; PDB code: 2HBW). Previous studies
revealed that these proteins belong to the CHAP family [26–28].To our knowledge, with the exception of Tse1, there is only one
protein (EcSpr) without additional domains in the PDB database
[27,29]. Furthermore, EcSpr is attached to the membrane surface
through its cysteine and the lipids. In contrast to EsSpr and Tse1,
SH3b and LysM subdomains in other CHAP family members may
serve as scaffolds during catalytic processes [26,28].
The architecture of Tse1 closely resembles other CHAP mem-
bers; however, these members share a low degree of sequence
identity (less than 30%). The major difference is the extended loop
(loop 6) (Fig. 3A–C). This loop lies distal to the active pocket and
protrudes from the protein. Notably, Gln103 is found at the edge
of the loop (at least 23 Å away from the binding pocket). Aromatic
residues, Tyr101 and Tyr105, interact with each other via hydrogen
bonds and block the entrance of Gln103 (Fig. 1B). Superpositions of
Tse1 with homologues showed that this region is substituted by a
shorter equivalent loop and a following strand harboring the third
active residue in other proteins. Intriguingly, Gln103 is predicted to
be the third catalytic residue according to sequence alignment of
Tse1 with amidase proteins [7]. One can thus hypothesize that
the residues clustered within the catalytic pocket will be involved
in the catalytic triad (discussion below).
Additionally, loop5 adopts a close conformation, which is in
agreement with EcSpr and different from BcYkfC and AvPCP.
Tyr89 in this loop inhibits access to the active site (Figs. 1B and
3B). Indeed, the equivalent residue Ser115 is also proposed to par-
ticipate in substrate recognition (Fig. 3B).
3.3. Recognition of ligands and Catalytic triad analysis
All the ligands were identiﬁed from clearly interpretable elec-
tron density in the pocket of Tse1 (Fig. 4A, B). In the SeMet Tse1
structure, succinic acid (SIN) is stabilized by 10 hydrogen bonds
in which seven are formed between the ligand and water atoms.
These water atoms can be divided into two parts: four arise from
one protein molecule (W32/W56/W61/W106) and three others
from the crystal symmetry related molecule (W16/W28/W73).
This symmetrical molecule also provides three polar residues
(Lys85/Asn139/Arg137) that form hydrogen bonds to SIN. In addi-
tion, these residues reside in loops adjacent to the catalytic pocket
(Fig. 1B), indicating that they may engage in the recognition of the
PG. Different from SIN, the ligands in the C30A mutant Tse1,
malonic acid (MAL) and glycerol (GOL), are both stabilized by
one protein molecule. The Oxt atom forms hydrogen bonds to
Ala30N and Ile113N and water 6 atoms, and the O1 atom forms
hydrogen bonds to water 62 and GOL O1 atoms. Oxygen atoms
from another carboxyl are stabilized by Ser31, Ala50, water 2
and GOL oxygen atoms (O1 and O3), whereas the O2 atom of
GOL forms hydrogen bonds to water 133.
In BcYfkC, EcSpr and AvPCP, the residues in the catalytic triad
are all C-H-H. Based on sequence alignment [7], the triad should
be C30-H91-Q103 in Tse1. However, as mentioned above, Gln103
is distal form the catalytic pocket and therefore cannot participate
in forming part of the triad with the other two residues. A possible
residue that represents the third residue of the catalytic triad is
Ser112, because this residue is hydrogen bonded to His91 and
the ligand MAL through water 6 (Fig. 4B). Since the shapes of
MAL and GOL are similar to DAP, and partly to the substrate
L-Ala-c-D-Glu-DAP, it is reasonable to suggest that the third cata-
lytic residue is Ser112. However, secondary structure alignment
indicates another possibility, Cys110, occupying a position equiva-
lent to the third active residue in three other related proteins
(Fig. 3D). Nevertheless, the possibility of Gln103 being part of the
catalytic triad should not be fully excluded, because of the ﬂexibil-
ity of the loop (the B-factor of the loop is higher than other re-
gions). It is possible that Gln103 undergoes a conformational
change that moves it closer to the locations of Cys110 or Ser112
Fig. 2. (a) Surface electrostatic potential of Tse1. The electrostatic surface is dominated by basic residues. However, a large negative potential patch is found on one side of the
protein. The catalytic groove is labeled. (b) Sequence alignment of amidase family members from Bacillus subtilis (BsLytE and BsCwlS), Escherichia coli (EcSpr), Bacillus cereus
(BcYkfC), Anabaena variabilis (AvPCP) and Pseudomonas aeruginosa (Tse1). (c) Conserved residues are mapped onto the Tse1 structure. Maroon and cyan areas indicate the
strictly conserved and highly variable residues, respectively. Invariable residues are shown in stick representation.
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ments to elucidate the third residue.
3.4. Tsi1 inactivates Tse1
Tsi1, an immunity protein, acts as an antitoxin and inhibits the
activity of its cognate Tse1. Previous studies have shown that Tsi1blocks Tse1 function through direct physical interaction [6,7]. The
PG binding assay was performed to evaluate the effect of Tsi1 inhi-
bition on Tse1-substrate binding (unpublished data). Tse1 was
found to unable to bind PG in the presence of Tsi1. RipA, which
is known as a PG hydrolase, consists of an NlpC/p60 domain
[29,30]. The RMSD between our structure and RipA (PDB code:
3NE0) is 2.61 Å. As previously reported, there is an N-terminal loop
Fig. 3. Structural comparisons of CHAP domains. (a–c) Superposition of Tse1 (green) with other NlpC/P60 domains (BcYkfC is shown in Yellow, EcSpr in Pink and AvPCP in
Cyan). The structural analysis clearly indicates that the predicted third active residue (Gln103) is distal from the binding pocket. The red loops represent the regions in Tse1
differing from its homologues. (d) Alignment of the three selected residues in the active pocket of Tse1, BcYkfC, EcSpr and AvPCP. Color schemes are the same as in Fig. 3a–c.
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bonds between this occluding loop and the catalytic cleft are
mainly mediated by acidic and aromatic residues. In the case of
Tsi1, these two types of residues are found in an N-terminal region
(residues 50–67), which corresponds to a loop based on secondary
structure prediction. It is, therefore, conceivable that this region of
Tsi1 seems to be responsible for the inactivation of Tse1. Moreover,an acidic patch on Tsi2 contributes to the interaction between Tsi2
and its cognate toxin (16, 17).
4. PDB accession numbers
Atomic coordinates and structure factors of Tse1 were depos-
ited in the Protein Data Bank with codes 4F0V and 4F0W.
Fig. 4. (a, b) Stereo view of ligand-binding sites. The 2FoFc electron-density maps are contoured at 1.5r for the ligands, and the water molecules involved in the recognition.
(c) Structural alignment of Tse1 (green) and RipA (cyan). The N-terminal loop in RipA is colored red.
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